We explore the possible existence of atmospheres on Saturn's icy satellites, Mimas, Enceladus, Tethys, Dione, and Rhea. Only the most massive satellite, Rhea, has the potential to hold a thin oxygen atmosphere/exosphere. The masses of the other satellites are too small to retain gravitationally atmospheres in the presence of large thermal escape rates. If the temperature of Rhea's atmosphere is close to its surface temperature, then a molecular oxygen column density of m Ϫ2 is possible and causes a discernable plasma interaction with Saturn's 17 6 # 10 magnetosphere that can be probed by close flybys of the Cassini spacecraft.
INTRODUCTION
Currently there exist no direct observations of atmospheres and plasma interactions at Saturn's inner icy satellites. But in the next four years, the Cassini spacecraft will fly by these icy satellites and make measurements, which will hopefully provide information similar to what the Galileo spacecraft provided for the Galilean satellites. The knowledge gained from the Galileo mission and supplemented by Hubble Space Telescope (HST) and ground-based telescopes has been reviewed in chapters by Kivelson et al. (2004) , McGrath et al. (2004) , and Saur et al. (2004) , where extensive references to the literature can be found. It is timely to make predictions for atmospheres/exospheres on Saturn's icy satellites and investigate their potential plasma interaction with Saturn's magnetosphere. These predictions can be tested with future Cassini observations whether the understanding gained from the Galilean satellites is sufficiently comprehensive to describe the icy satellites' interactions.
The Saturnian environment around the icy satellites has been a challenge to modelers. Unlike the Jovian environment around the Galilean satellites, which is effectively a fully ionized plasma, the Saturnian environment through which the icy satellites orbit is mostly neutral and hence a weakly ionized plasma. This conclusion follows from the large magnetospheric OH densities inferred from HST observations (Shemansky et al. 1993; Hall et al. 1996) . The most obvious source of OH is dissociation of sputtered H 2 O molecules from satellites' surfaces and Saturn's rings (e.g., Johnson et al. 1983; Pospieszalska & Johnson 1989; Shi et al. 1995) . The model of Richardson (1998) demonstrated that the required source strength of OH radicals is at least an order of magnitude larger than can be supplied by sputtering. Jurac et al. (2001) found that the missing water source is even a more severe problem than concluded by Richardson (1998) . The recent Cassini Ultraviolet Imaging Spectrograph observations of large magnetospheric O densities further compounds the problem of a missing source for the massive neutral mass loading of the magnetosphere (Shemansky et al. 2004) .
In this Letter, we study the possible existence of atmospheres on Saturn's inner icy satellites based on mass balance between several competing source and loss processes. We also investigate the plasma interactions of these atmospheres with Saturn's magnetosphere. The plasma interactions are linked to the 
Neutral Atmosphere Model
We assume that on sufficiently long timescales (∼1 month) the neutral atmosphere is in equilibrium between its mass sources and sinks. This type of atmosphere can be appropriately described with the coronal outflow model of Summers et al. (1989) :
In the absence of observations we choose a depletion length scale of km. The surface density , or equiv-H p 100 n deplete n, 0 alently the column density, is the free parameter that we determine in this Letter through mass balance. The main source of the icy satellites' atmospheres is surface sputtering, which has two contributions: The first one is surface sputtering by energetic magnetospheric ions (called primary sputtering). The total primary sputtering rates for each satellite have been calculated by Shi et al. (1995) and Jurac et al. (2001) and are quoted as "S-sputter" in Table 1 . In our calculations, we assume that the electrodynamic interactions near the satellites redirect a fraction of the ions around the satellites, which will reduce the total surface sputtering rates. This effect can be quantified with a factor a that describes the ratio of effective area for plasma streamlines that intersect the satellite with and without electrodynamic interaction. The second contribution to the surface sputtering is due to freshly produced ionospheric pickup ions (called secondary sputtering).
The total atmospheric losses have three main contributions. The first one is thermal escape with a rate F esc given by the classic Jeans formula pickup ions are convected out of the atmosphere. Fi-E # B nally, the third type of loss arises from atmospheric sputtering. We estimate this third contribution by summing over all sputtered neutrals that have trajectories that lie outside of the satellites' exobase. For simplicity we assume knock-on collisions. A full modeling of atmospheric sputtering in three-dimensions including detailed calculations of the kinetic processes is beyond the scope of this Letter. More details on our model can be found in Saur et al. (1998) .
Properties of Plasma Interaction
The magnetospheric plasma properties near the inner icy satellites of Saturn are qualitatively similar to those at the icy satellites of Jupiter. We assembled from the literature a list of these properties in Table 1 . These properties determine dimensional parameters that characterize the nature of the magnetospheric interaction with the satellites and their potential atmospheres. We find that the interactions are sub-Alfvénic, i.e., the Alfvén Mach number . This conclusion reflects the fact M ! 1 A that the magnetic field energy is larger than the kinetic energy in the plasma bulk flow. The magnetic field energy is also larger than the thermal energy in the plasma, which leads to plasma beta parameters b smaller than 1. Important for the nature of the interaction is also the fast Mach number . Since M f for all inner icy satellites, no bow shock forms. These M ! 1 f properties differ significantly from those at Titan (e.g., Neubauer et al. 1984) . Since Iapetus' radial distance from Saturn is ∼60R Saturn , its location is mostly outside of Saturn's magnetosphere. Therefore, sputtering sources and the nature of its plasma interaction are qualitatively different compared to the inner icy satellites, which is why we exclude Iapetus in the calculations of this Letter.
Plasma Interaction Model
We apply a model for the interaction of magnetospheric plasma with the satellites' atmospheres that is very similar to the description that we used for Europa (Saur et al. 1998 ). Our plasma model is a three-dimensional, two-fluid model for electrons and one ion species (i.e., ). The model calculates den-ϩ O 2 sity, velocity, and temperature of each species and the electric field but utilizes a constant magnetospheric background magnetic field. We divide the electron fluid into three different subpopulations: thermal magnetospheric electrons with density and temperature n e, thermal and T e, thermal , suprathermal magnetospheric electrons with density n e, supra and pressure p e, supra , and secondary cold electrons produced through ionization with the satellites' atmospheres.
Cross Sections
The atomic and molecular physics cross sections and rates in Saur et al. (1998) were updated for this Letter. Here we highlight only the most important changes due to limited space. We now treat charge exchange and knock-on collisions separately with individual cross sections that are velocity dependent. The former are mostly forward-scattering collisions and are modeled here as exactly forward scattered. The latter are mostly scattered at right angles, but we are still constrained to treat them as forward-scattering collisions to determine whether the fast neutral escapes the atmosphere. The approach to treat charge exchange and knock-on separately yields better calculations of the atmospheric sputtering/escape rates of neutral oxygen atoms (from O 2 dissociation in knock-on collisions) and molecules. For electron impact dissociative excitation of O 2 , the emission cross sections for O i 130.4 and 135.6 nm of Kanik et al. (2003) were adopted.
RESULTS

Mass Balances
The column densities of the icy satellites' atmospheres are determined by a balance of their loss and source rates.
Atmospheric Sources
In Figure 1 we show several total (i.e., summed over the whole atmosphere) loss and source rates for Mimas, Enceladus, Tethys, Dione, and Rhea. The main mass source for the atmospheres is primary sputtering. Secondary sputtering due to ionospheric ions is significantly smaller. The reason is that the pickup ions acquire kinetic energy after ionization that corresponds to the local plasma convection velocity. Although the pickup ions can be large in number, their kinetic energy is small and the effective sputtering yield is accordingly low. The negligible secondary sputtering rate thus does not effectively alter the total gas production at the icy satellites. This conclusion implies that secondary sputtering is not the solution to the missing water source problem of Saturn's magnetosphere as described in the introduction.
Loss Processes
For Mimas, Enceladus, Tethys, and Dione, the overwhelmingly dominant mass-loss mechanism is thermal escape due to their small satellite masses. The Jeans l parameters for these satellites range from one to five. Only at Rhea, the most massive icy satellite, with , does escape due to pickup equal l ≈ 10 thermal escape. In our calculations, we assumed the temperatures of the atmospheres to equal the surface temperatures, which leads to a lower limit for the thermal escape rates. The relative importance of pickup compared to thermal escape increases for satellites farther away from Saturn. In comparison to thermal escape, the relative role of pickup varies only slightly from satellite to satellite because of decreasing magnetospheric electron density but increasing electron temperature for satellites farther away from Saturn (see Table 1 ). Neutral atmosphere sputtering plays the least important role for the outer three satellites Tethys, Dione, and Rhea.
Balanced Atmospheres
On sufficiently long timescales, the atmospheres need to be mass balanced; i.e., total losses and total gains need to be equal. In Figure 1 , we show the total losses as solid lines and the total gains as solid lines with diamonds. Where both lines cross, the atmosphere is balanced. We indicated this with a vertical line to denote the corresponding neutral column densities. We find for Mimas a column density of ∼ (1-10) # 10 m Ϫ2 at Europa (Hall et al. 1995 (Hall et al. , 1998 .
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Plasma Interactions
In Table 2 , we summarize basic properties of the plasma interactions for our derived neutral densities. A good measure for the overall strength of the interaction is a, the effective cross section of the satellites for intersection with magnetospheric plasma. If , there is no plasma interaction, and a ≈ 1 for maximum plasma interaction. The factor a can be a ≈ 0 approximated through the Alfvén conductance S A and the ionospheric Pedersen conductance , by .
We find that only Rhea and its atmosphere creates a significant plasma interaction. One reason is that Rhea has a substantially denser atmosphere than the other satellites, which enables a larger ionospheric conductance . But also very importantly, S P even if each satellite had equal atmospheric densities, the interaction would be stronger for satellites farther outside in the magnetosphere because of the different magnetic field strengths. Since the background magnetic field at the location of the satellites decreases inversely roughly as radial distance cubed, the ion gyrofrequency decreases/the gyroradius increases rapidly with increasing distance from Saturn and so does the ionospheric conductance.
For Rhea we find a maximum electron density of ∼20 times the upstream electron density. Our model also calculates the three-dimensional electric current distribution, which consists of ionospheric and Alfvén wing currents. The total electric current driven by Rhea's interaction is 50,000 A for the balanced atmosphere case. Using Biot-Savart's law, we find an average magnetic field perturbation of ∼0.3 compared to the local magnetospheric background magnetic field at an altitude of 200 km.
As can be seen in Table 2 , Dione will create a much weaker plasma interaction. We emphasize that although the atmospheric densities are low, neutral gases are locally injected into the magnetosphere at a rate that corresponds to the total surface sputtering rates given in Table 1 . These locally injected neutrals might still create microsignatures such as pickup waves.
Rhea is the satellite with the strongest expected UV emission rate. Since its atmosphere/exosphere is very dilute, we still only expect 3 rayleighs for O i 135.6 nm (see Table 2 ).
Joule heating is the major heating mechanism for the Galilean satellite, exceeding the power input by solar EUV/UV radiation and magnetospheric thermal ion deposition by more than an order of magnitude, as demonstrated in Strobel (2005) . The same physics holds for Saturn's icy satellites with the solar flux diminished by a factor of 3. The Joule heating rate integrated over the entire atmosphere of Rhea is W (see 6 40 # 10 Table 2 ). To estimate the impact of our calculated Joule heating rate, a one-dimensional heat conduction model, similar to that developed by Strobel et al. (1994) , was constructed with the parameters of Tables 1 and 2 . With the surface boundary condition set to Rhea's ice temperature, the asymptotic temperature was calculated to be ∼120 K, with an intermediate temperature of 110 K at 75 km above surface. A comparison of the Jeans escape fluxes evaluated at the surface and at 75 km yielded only a factor of 2 higher flux at 75 km. Since pickup is also important as a loss process, Joule heating does not substantially enhance the Jeans escape rate based on the surface temperature and density. It should also be noted that the O 2 sticking coefficient for the surface is very low, and a nonescaping O 2 molecule can bounce around the surface for ∼1000 collisions before sticking. This condition should ensure thermalization of the gas to the ice temperature.
DISCUSSION AND CONCLUSIONS
Our results show that Saturn's icy satellites possess only extremely dilute exosphere/atmospheres. For Mimas, Enceladus, Tethys, and Dione, a kinetic model of the plasma interaction instead of a fluid model should be applied. This issue is only of minor concern for our results since we find that the plasma interactions at these satellites play a rather negligible role for the atmosphere mass balance. Our predicted properties at Rhea make its atmosphere and plasma interaction marginally collisional, and our results thus can be used as a first suitable estimate of the satellites' properties until observations by the Cassini spacecraft warrant further modeling.
Our model results depend strongly on our input parameters.
Given the large neutral mass loading rates needed for the magnetosphere, the surface sputtering rate, which is controlled by the energetic particle population in Saturn's magnetosphere, may be very uncertain. If this population is different than assumed here, e.g., because of temporal varying energization processes in Saturn's magnetosphere, our calculated surface sputtering rates can be linearly adjusted in Figure 1 to correct for future derived sputtering rates. All other curves in Figure 1 stay the same. The resultant column density can be determined again where total mass gains and losses balance. Such an adjustment is expected for satellites inside of 6R Saturn because of a recent reanalysis of Voyager data by Paranicas et al. (2004) . The studies of Paranicas et al. (2004) predict lower energetic sputtering rates, although their results have not been used to explicitly calculate updated sputtering rates. These lower rates will lead to even lower neutral atmosphere column densities and thus do not alter the main conclusion of our Letter that Rhea is the only icy satellite in the Saturn system that can maintain a very thin neutral atmosphere/exosphere. Finally, we note that Saturn's icy satellites exhibit a coupling of neutral atmosphere and plasma interaction that is weaker compared to the icy satellites of Jupiter. Jupiter's icy satellites exhibit a maximum coupling, since both atmospheric sources and sinks are controlled by the plasma interaction. At Saturn, the atmospheric sources are due to the surface sputtering of magnetospheric ions, but the loss is due mainly to thermal escape. However, for Io, the loss of the atmosphere is due to the plasma interaction, i.e., sputtering and pickup, while its sources are independent of it, i.e., because of sublimation and volcanoes.
